Purpose of Review Atmospheric circulation exerts a strong control on regional climate and extremes. However, projections of future circulation change remain uncertain, thus affecting the assessment of regional climate change. The purpose of this review is to describe some key cases where regional precipitation and windiness strongly depend on the mid-latitude atmospheric circulation response to warming, and summarise this into alternative plausible storylines of regional climate change.
Introduction
In the last decade, consensus has started to grow on how atmospheric circulation will respond to global warming [1] . On average, climate projections from multi-model ensembles indicate an overall poleward shift of the mid-latitude westerlies [2] , associated with a poleward expansion of the Hadley circulation [3] , and a reduction in the number of extratropical cyclones [4, 5] . Changes consistent with the models' projections are starting to be observed in the real world, but due to the large year-to-year internal variability in the climate system, not even the observed trends in the zonalmean aspects of atmospheric circulation have yet been unequivocally attributed to warming [6] . Nonetheless, if greenhouse gas emissions are not mitigated and climate model projections are realised, future changes in the atmospheric circulation will not pass unobserved. In the mid-latitudes, atmospheric circulation determines the trajectory of weather systems and their associated precipitation and wind speed extremes [7] ; it stirs the transport of moisture from dry to wet regions [8] ; it drives hot extremes in summer and cold extremes in winter through the establishment of persistent This article belongs to the Topical Collection on Mid-latitude Processes and Climate Change anticyclones [9] . As such, atmospheric circulation change can have a diverse range of societal impacts.
Despite its potential to drive climate impacts, projections of circulation change have not yet translated into high-confidence statements on regional climate change [10] . This lack of confidence depends on multiple causes. Zonal-mean aspects of circulation change, such as the Hadley cell expansion, are not sufficient to constrain the response of regional climate over land [11, 12] . At the regional and seasonal scale, the uncertainty in how atmospheric circulation responds to warming remains large, to the extent that different models can even show opposite forced responses [13] . It would be tempting to treat these uncertainties probabilistically and to take the multi-model mean as a best projection, but such an approach is not supported on firm theoretical grounds [14] . While the multi-model mean usually outperforms individual models in global metrics of climate, this is not typically the case for regional aspects of atmospheric circulation, which can be better represented in some individual climate models than in the multi-model mean [15] . Different features of regional circulation change tend to be averaged out, leading to an overly smooth and possibly too weak signal.
Given this uncertainty in the response of regional climate to global warming, the development of storylines, or narratives, of climate change has been proposed as an informative way to characterise and communicate future climate projections to stakeholders and policy makers [16, •17] . The concept of storyline involves a possible and physically self-consistent future unfolding of global and regional climate events. In a storyline approach, multiple storylines are identified in order to span the uncertainty in the future projections from multi-model ensembles. However, the focus is not placed on attributing a probability to the different storylines but on understanding the driving physical factors, the chain of mechanisms involved and the implications at the regional level.
This report aims to review the future impacts that might unfold from atmospheric circulation change. Thinking in terms of storylines therefore becomes particularly useful and it naturally leads to frame the problem in terms of the following question: what additional information could be gained at the regional level if the response in the large-scale atmospheric circulation were known? After reviewing some methodological aspects ("How to Identify Regional Impacts of Mid-latitude Circulation Change"), this question will be discussed for a selection of regional climate impacts associated with changes in precipitation ("Impacts of Circulation Change on Regional Hydro-Climate") and windiness ("Impacts on Windiness: the European Case"). For each case, different relevant storylines of atmospheric circulation change will be analysed by drawing on published literature.
How to Identify Regional Impacts of Mid-latitude Circulation Change
Developing physically self-consistent storylines of atmospheric circulation change relies on having a causal understanding of the chain of mechanisms involved. Achieving this understanding requires tackling two separate problems. At a global level, the challenge lies in understanding what climate aspects, e.g. sea surface temperature patterns and sea ice, drive the uncertainty in the regional response of atmospheric circulation. Identifying such drivers ultimately requires numerical experimentation [•18] . Furthermore, at the regional level, an additional challenge lies in understanding the impacts of the response of atmospheric circulation for regional climate change. This requires separating the other aspects of regional climate change that directly result from energy imbalance and surface warming, often called thermodynamic aspects [19] . A clean separation is generally not possible. The different methods either attempt to directly quantify the regional changes due to circulation, or, conversely, to quantify the thermodynamic response expected for no change in circulation, and then define the dynamical part as a residual. Some of these approaches are now discussed.
Internal Variability Analogs
The response of atmospheric circulation to global warming can resemble, or even project on, present-day modes of internal atmospheric variability [20] . In this case, the impacts that future changes in the atmospheric circulation might have on the regional climate can be directly estimated by identifying analogs of the projected circulation change in the present-day observational record. By referring back to the present-day climate, any thermodynamic influence is by construction excluded.
This approach has been implemented in several ways. The most direct technique relies on linearly regressing the circulation response on the dominant modes of variability in the atmospheric circulation, such as obtained via EOF analysis [21] [22] [23] . Alternatively, the linearity assumption can be relaxed by describing the circulation response as a change in the frequency of occurrence of present-day weather regimes obtained by clustering algorithms such as k-means or self-organising maps [9, [24] [25] [26] [27] . A limit of these approaches is that accurate present-day analogs may not always be available. For example, in the Mediterranean area in winter, the response of atmospheric circulation to greenhouse forcing does not project on individual present-day modes of internal atmospheric variability [23, 28] . Using clustering algorithms does not necessarily address this issue, as global warming can force a change in the structure of weather regimes between the present and the future climate simulations [26, 29] . In these cases, variability analogs might only isolate part of the signal associated with future circulation changes. Additional, more flexible, strategies have shown potential to address these issues. The "constructed circulation analog" technique aims to optimally reproduce the circulation response pattern through linear combinations of several analogs extracted from large ensembles of climate simulations or atmospheric reanalyses [•30, 31] . Moreover, techniques based on partial least squares regression are effective at identifying the atmospheric circulation patterns that exert the largest impacts on a climate aspect of interest [32] . These approaches have shown good skill at capturing the influence of circulation variability and change on surface temperature, and some promising results are emerging for precipitation [33, •34] .
Budget Equations
A useful complementary approach to internal variability analogs consists in the inspection of atmospheric budget equations. Two most notable applications have been the use of the moisture budget [35] and of the energy budget [36] to understand variability and change in regional hydro-climate.
The moisture budget equation directly informs on the change in the balance between precipitation and evaporation (P-E) as, in steady state, P-E depends on the transport of moisture from other regions. Part of the impact of the circulation response to warming on P-E can be estimated-assuming linearity-as the change in the moisture transport due to the response in the time-mean winds (δv ) acting on the presentday climatology of moisture (Q p ), i.e. ∫−∇⋅ δvQ p dz. This decomposition is particularly informative where the mean circulation dominates the transport of moisture, e.g. in the tropics [37] . In the mid-latitudes, it can also be important to account for variations in the transport of moisture due to transient atmospheric eddies, such as those populating mid-latitude storm tracks. The transport by transient eddies depends on the daily covariance between wind and moisture anomalies, which makes decomposing this term into a dynamical and thermodynamic contribution substantially more challenging [38] . The same linear decomposition is used to estimate the impact of atmospheric circulation change on precipitation using the energy budget equation [39] . However, the relationship between circulation and hydro-climate is less direct than for the moisture budget, as a change in the transport of dry static energy can be balanced not only by changes in condensational latent heat release, i.e. precipitation, but also by changes in the surface sensibile and radiative heat fluxes.
Regional Climate Models
Finally, experimental approaches can be used to isolate the relative impacts of atmospheric circulation changes and warming on regional climate. Regional climate models (RCMs) have been particularly useful for this purpose. One such example consists in the so-called "pseudo global warming" experiments [40] , in which a warming signal is added to the boundary conditions driving a present-day RCM simulation. By construction, the approach isolates the response of regional climate to warming in the absence of changes in the large-scale atmospheric circulation. This enables to ask how specific past high-impact weather events might have evolved in a warmer climate [41] . In a similar way, the boundary conditions of a RCM can be modified to incorporate only the projected changes in the atmospheric circulation [42] . Further decompositions of the boundary conditions have been proposed in order to isolate the impact of changes in the mean circulation, in the mean static stability and, as a residual, in the transient eddies [43, •44] . A possibile limitation is that changes in surface warming, static stability and circulation are physically connected, so that decomposing the boundary conditions in a way that retains meaningful physical balances requires particular care. Nonetheless, the method offers a unique opportunity to directly test how different changes in the atmospheric circulation and warming may determine the response in regional aspects of climate change. In summary, different methods have different strengths and limitations. No single approach is able to globally and unambiguously define the impact of future circulation changes on regional climate, but confidence can be built by comparing results from different approaches.
Impacts of Circulation Change on Regional Hydro-Climate
What more could be learnt on regional hydro-climate change if the response of atmospheric circulation were known? On the one hand, soil moisture drought risk is directly increased by warming through a thermodynamic increase in evapotranspiration [45] , although partly balanced by the counter-acting effect of enhanced CO2 on stomatal closure [46] . On the other hand, mid-latitude precipitation, together with river runoff, is strongly controlled by storms and circulation [47] . These aspects will be reviewed in this section, by considering different storylines of circulation change relevant for the precipitation response to warming in three regions with a Mediterranean-like climate: the Mediterranean proper, California and Chile. A comprehensive analysis of hydro-climate variability and change in the Mediterranean-like climates from a multi-model mean perspective is given in reference [48] .
Winter Mediterranean Circulation Change
The Mediterranean area has long been identified as a "hotspot" of climate change [49] , due to a large projected decline in precipitation, which is of the order of 6% per degree of global warming in the mean of the CMIP5 model projections [1] . Furthermore, a reduction in Mediterranean precipitation since 1900 is also revealed by reconstructions from rain gauges. This has led many authors to conclude that the projected precipitation decline and increase in meteorological droughts is already happening [50-•53] , a finding reported with "medium confidence" in the IPCC 1.5 degrees report [54] . The observed precipitation reduction is largest in the Southern and Eastern Mediterranean in winter. In these areas, the observed precipitation trends largely exceed those projected by the mean of the CMIP5 models [52] , possibly because of the influence from internal variability in the atmospheric circulation [•34]. Crucially, these observed trends might already have led to serious societal impacts, such as the case of the 2006-2009 Syrian drought and civil war [55] , thus highlighting the vulnerability of the Mediterranean region to hydro-climate variability and change.
Despite this evidence, the real magnitude of the Mediterranean climate change signal is still poorly understood, due to the influence from multi-decadal climate variability [•34, 56] , the observational uncertainty in the precipitation reconstructions [50] and the large uncertainty in the magnitude of the projected precipitation decline. However, up to 80% of the inter-model variance in the precipitation projections is linked to uncertainties in the atmospheric circulation [57, •58] , and this dependence can be used to define distinct storylines of regional climate change. Based on reference [57] , Fig. 1a and b compare future projections (2060-2099) of cold season Euro-Mediterranean precipitation change per degree of global warming evaluated for two subsets of CMIP5 models having, respectively, the least and most negative change in the 850 hPa zonal wind in North Africa, i.e. a simple index for Mediterranean circulation change. A notable anticyclonic circulation anomaly and a larger and more extensive precipitation reduction, i.e. a high-impact storyline for Mediterranean hydro-climate change, is projected in the subset of models responding with a large long-term circulation change ( Fig. 1b ), while these responses are nearly absent, apart from the East Mediterranean, in the opposite case ( Fig. 1a ). These differences cannot just be explained by internal variability [57] , so that the two storylines reflect different ways in which the atmospheric circulation may respond to warming.
The large precipitation reduction in the high-impact storyline can be confidently attributed to the change in the atmospheric circulation [50, 59, 60] . Associated with the anticyclonic anomaly, climate models project increased atmospheric subsidence and low-level divergence. According to moisture budgets, this mean circulation change is the dominant factor leading to the reduced fresh water availability over land, via increased evaporation and an export of moisture out of the region [59] . At the same time, climate models also project the Mediterranean storm track to become weaker and the number of Mediterranean cyclones to decrease [61, 62] . This reduced synoptic cyclone activity causes a reduction in the number of rainy days, which only in the Northern Mediterranean region is compensated by a thermodynamically driven increase in the precipitation generated by each storm [62] . Moisture budgets and storm tracking approaches hence provide c o m p l e m e n t a r y v i e w s o n t h e d e p e n d e n c e o f Mediterranean drying on circulation change.
A complete dynamical explanation of this localised anticyclonic response and of its driving factors is yet unavailable. The response only weakly projects on the first two modes of Euro-Atlantic atmospheric variability [23] , and changes in the structure of the global stationary waves appear to be involved [15, 48] . Nonetheless, a large circulation response, as in the high-impact storyline (Fig. 1b ), tends to be favoured by an amplified warming of the tropical upper troposphere and by a strengthening of the NH stratospheric vortex [•63]. This interpretation is at least qualitatively supported by experiments with atmospheric general circulation models in which the tropical SSTs [50] and the stratospheric vortex [•64] are perturbed in a controlled manner. Amplified tropical warming is found to be particularly linked to East Mediterranean rainfall [•63], possibly by inducing a weakening of the Mediterranean storm track, while the stratospheric vortex is mostly linked with Western Mediterranean rainfall, via changes in the position of the North Atlantic storm track [ • 64]. Interestingly, the projected reduction in Mediterranean precipitation per degree of warming is larger in the mean of the CMIP3 models compared to the more recent CMIP5 models ( Fig. 12 .41 in reference [1] ). Understanding such differences across model generations would be important to test the impact of remote climate responses and circulation biases on Mediterranean climate change.
The Summer NAO and European Rainfall
If circulation plays an undisputed role on Mediterranean hydro-climate change in the cold season, its role in the warm season is more subtle, and it is here discussed for comparison.
In the warm season, P-E and precipitation are both projected to decline, particularly in Western and Southern Europe [59, 65] . At the same time, the North Atlantic jet is robustly projected to shift poleward as part of a positive trend in the summer North Atlantic Oscillation (SNAO) [21, [65] [66] [67] . Analyses of moisture budgets identify the change in the mean atmospheric circulation-particularly the northerly flow linked to the positive SNAO trendas the dominant contributor to the decline of P-E over most of Europe [59] . However, internal variability analogs [21, 65] , and a RCM experiment [42] , suggest that only in Northwestern Europe (including UK, Northern France and Northern Germany) more than 50% of the mean response and inter-model spread in the precipitation change can be attributed to SNAO. Consistent with these findings, the projected precipitation reduction in Southern Europe tends to be comparable in the two mm/day/K sets of CMIP5 climate models featuring the smallest and largest poleward shift in the North Atlantic jet ( Fig. 1c and d) .
These apparently contrasting results can be reconciled in light of the additional warming-mediated processes that contribute to the response of precipitation in the warm season, particularly in Southern Europe [•44]. As the land warms, the soil is projected to become drier, leading to a reduction in evapotranspiration and in the surface relative humidity. These local changes consequently lead to a reduction in clouds and precipitation, which may further enhance the aridity of the soil through an increase in surface shortwave radiation [42, 68] . Model differences in the representation of moisture feedback and cloud-temperature interactions are responsible for the uncertainty in the magnitude of the precipitation change forced via this mechanism [68] . However, the induced response resembles a suppression of the local hydrological cycle so that, while being important for precipitation, it could have only a negligible impact on P-E. This supports the view that the interaction between circulation, clouds and soil moisture would deserve more investigation [69] . For the purpose of developing storylines, dynamic and thermodynamic driving factors would both need to be accounted for to describe possible future changes in European summer hydro-climate.
The projected positive SNAO trend is partly linked to the projected weakening of the Atlantic Meridional Overturning Circulation (AMOC) [67] , and it has not yet emerged in the observations. On the contrary, the observed SNAO trend has been largely negative since the 1990s [70] . Natural decadal variability in the SSTs associated to the Atlantic Multi-decadal Variability (AMV) could in part explain this mismatch [22, 71, 72] , but it has also been speculated that the negative SNAO trend could be a forced response to sea ice loss not captured by climate models [70] . As the AMV is now entering a phase reversal [73] , new observations will help to evaluate the respective roles played by SST variability and sea ice loss.
The Pacific Jet and California
California is the only Mediterranean-like climate where the mean of the CMIP5 model projections indicates a slight wetting rather than a large drying [48, 74] . However, the severe multi-year drought of 2011-2016 raised the question of whether the event might have been made more likely by climate change. California precipitation mainly results from winter North Pacific storms tracking eastward towards the US coast [75] . In the drought period, a series of atmospheric ridges formed at the end of the North Pacific storm track, diverting the storms towards higher latitudes [•76]. Most studies agree that while warming is likely to have amplified the soil moisture drought by increasing the evaporative demand [77, 78] , the anomalous ridge was the result of internal climate variability, although partly forced by an enhanced zonal SST gradient in the tropical Pacific ocean [79] [80] [81] . But could a future less rainy California be entirely excluded?
The uncertainty in the precipitation response to climate change in California has been explored in relation to different aspects of atmospheric circulation: the North Pacific subtropical jet [82, 83] , the North Pacific storm track [75, 84] , the location of the subtropical highs [85] and the stationary waves [15] . These different studies have revealed a coherent picture of how different aspects of circulation interact to generate either drier or wetter conditions in the model projections. Inspired by reference [15] , two possible storylines are summarised in Fig. 1e and f, where projections of precipitation change per degree of global warming have been conditioned on the long-term response in the meridional wind at 300 hPa at the western coast of North America. One possibility-a best case storyline for California drought (Fig. 1e )-is that the circulation response to warming will be manifested in a strengthening and eastward extension of the subtropical jet towards North America [82] . The strengthening of the subtropical jet would imply more favourable conditions for low-latitude storm development and hence a downstream southward shift in the storm track [84] . It would also induce a lengthening of the stationary wave pattern, which is associated with a shift of the Aleutian low and a stronger southerly flow on the western coast of North America [15] . In this scenario, the shift in the storm-track activity [84] as well as the increased precipitation generated by each storm [75] can be expected to make California more rainy under climate change (Fig. 1e ). The alternative storyline (Fig. 1f ) is characterised by a poleward shift of the subtropical highs in both the east and the west North Pacific [85] . In this case, a slight ridge would develop on the western coast of North America, leading to a northerly flow anomaly and a drier California. As for the Mediterranean, changes in stationary waves, rather than the zonal-mean Hadley cell expansion, appear to be important for the hydro-climate response in this region [48] .
Different hypotheses have been raised on what processes might control these different projections. The extension of the subtropical jet and the trough in the east Pacific resemble the circulation response to El Niño, which would point to the tropical Pacific as a key driver [86] . Consistent with a tropical driving, the southward shift of the jet in the Northeast Pacific only occurs within the slow response to greenhouse forcing, which includes the development of El Niño-like tropical SST anomalies [87] . However, apart from one previous CMIP3 study [88] , more recent analyses suggest that the spread in the Northeast Pacific circulation change is linked to uncertainties in the SSTs in the Northwest Pacific, rather than in the tropics [83, 86] . These extratropical SST anomalies resemble those characterising the Pacific Decadal Oscillation, and their sign is consistent with a surface forcing of atmospheric circulation via a modulation of the subtropical vertical wind shear [85] . Alternatively, it may be that the tropical Pacific is an important driver, but its influence in the inter-model spread is obscured by confounding factors arising from the different models' basic states. For example, the influence of biases in the climatology of stationary waves [15] and in the teleconnection of ENSO [89] have been suggested to play a role, although these analyses have reached opposite conclusions on whether an East Pacific trough or ridge is more likely under climate change. Reconciling these two results would be important to increase confidence in future projections of North American hydro-climate.
As a note of caution, the El Niño-like tropical Pacific SST response projected by the models is not yet backed up by the observational record. In contrast, trends in SST reconstructions show muted warming in the eastern tropical Pacific Ocean, thus leading to an enhancement of the zonal tropical Pacific SST gradient [90] . This could be just an expression of internal variability, but some authors note that the El Niño-like response is a "majority decision" in an area where climate models might not represent all relevant processes [90, 91] . If models were systematically wrong, and the forced response was that of an increased zonal SST gradient, California rainfall might follow a different storyline to what current climate models project [•76].
The SH Jet Shift and Chilean Drought
In the Southern Hemisphere (SH), the mid-latitude atmospheric circulation response to climate change is to a large extent described as a shift towards the positive phase of the Southern Annular Mode (SAM) [92] . The positive trend in the SAM is observed in the reanalyses in all seasons, with a largest trend in the austral summer due to the additional forcing from ozone depletion in the SH polar stratosphere [93, 94] .
The climate impacts due to this forced circulation response can be estimated by considering analogs associated with the observed SAM variability on intra-seasonal and inter-annual timescales. The positive SAM is associated with a poleward shift of the storm track, so that precipitation increases at high-latitudes (∼ 60S-70S) and decreases in the mid-latitudes (∼ 40S-50S) in all seasons [95] . Its impact in the subtropics (∼ 30S) has instead a strong seasonality [96] . In the austral winter (JJA), via the shift in the storm track, the positive SAM is associated with subtropical precipitation decrease, a process that has contributed to the observed negative trend in winter rainfall in Southwestern Australia [97] . In the austral summer (DJF), the positive SAM leads instead to precipitation increase in various subtropical land regions [93, 94] , via a dynamically induced shift of the descending branch of the Hadley cell [95] . For example, the wetting trend of Eastern South America in the last decades of the twentieth century has been in part attributed to the positive trend in the SAM [98] .
A particularly large response from mid-latitude circulation changes is expected to occur in Chile, where the positive SAM leads to year-round dry anomalies shifting from Central (30S-38S) to Southern (38S-47S) Chile with the seasonal cycle [•99]. It is estimated that from 1960 to 2016 rain gauges in Central and Southern Chile have recorded a precipitation reduction of about 2% and 5% per decade, respectively [•99]. Despite observational uncertainties being substantial, all datasets show a negative precipitation trend in Central Chile over the past century [48] . The size of these precipitation trends is influenced by a recent multi-year drought, but they are largely congruent with the precipitation response expected from the positive trend in the SAM [100] . ENSO and the Pacific Decadal Oscillation also affect precipitation variability in Chile, but they have only played a minor role on the observed precipitation trend compared to the SAM-related shift in the storm track [•99].
Based on these results, and since changes in the stationary waves are less important than in the NH [48] , developing storylines of regional climate change will require accounting for the response in the latitude and strength of the SH jet and storm tracks. For example, Fig. 1 g and h compare future projections of annual mean circulation and precipitation change in South America per degree of global warming for the CMIP5 climate models featuring the smallest and largest long-term poleward shift of the SH jet. Consistent with the expectations from internal variability and moisture budgets [48] , the projected Chilean precipitation reduction per degree of warming is larger in the mean of the climate models featuring a large poleward shift in the westerlies (Fig. 1h ). This exploratory analysis suggests that quantifying the impact on precipitation due to the uncertainty in the SH atmospheric circulation response is important to develop storylines of future changes in the frequency of Chilean droughts [101] . The response in the SH jet could itself be linked to different remote climate responses. In particular, the uncertainty in the jet latitude depends on the magnitude of the polar stratospheric cooling [102, 103] and of the tropical warming, for example, via the response in the cloud cover [104] , while the uncertainty in the jet strength has also been linked to the loss of Antarctic sea ice [105] . However, particularly in austral winter, the models with an equatorward bias in the latitude of the SH jet tend to project a larger poleward shift in response to climate change. This relationship had been suggested as a way to narrow the uncertainty in the future projections, but the argument previously proposed to explain this dependence has been shown not to hold [106] . Nonetheless, these findings indicate that it is important to consider ensembles of models with a realistic presentday simulation of the SH jet to generate plausible storylines of regional climate change in the SH.
Impacts on Windiness: the European Case
The response of the large-scale atmospheric circulation also has implications for other impact-relevant aspects of extratropical storm tracks. One such aspect is surface windiness associated with intense extratropical cyclones. The mean response of extratropical cyclones to climate change is reviewed in reference [107] , within this same section of Current Climate Change Reports. Here, the focus is instead placed on discussing the uncertainty in the response, using future changes in European windiness as a case study.
Central Europe, including the UK and Northern Germany, is vulnerable to wind storm damage due to intense North Atlantic extratropical cyclones [108] . As extratropical cyclones grow on the baroclinicity associated with the midlatitude jet stream [109] , intense cyclones are favoured by a strong and zonally extended North Atlantic jet, as found for positive values of the North Atlantic Oscillation (NAO) [110, 111] . Severe European wind storm damage particularly took place in the 1990s, a decade of persistent positive NAO [112] , and the possibility of a longer-term GHG-induced upward trend remains open but debated [108, 113] . In the future projections, climate models indicate a strengthening of the mean westerlies in Central Europe [114] . Several previous studies also reported a future increase in the frequency of moderate to extreme European wind speeds [115] [116] [117] , with consequences for both wind storm damage [118] and wind energy production [119, •120] , but most analyses of the CMIP5 climate models tend to suggest that these changes are non-robust and often small compared to internal variability [121] [122] [123] [124] .
Since different remote, regional and mesoscale processes can affect the response of intense North Atlantic extratropical cyclones to climate change, thinking in terms of storylines can be particularly suitable to portray different possible scenarios. On the large-scale, the response of mid-latitude storm tracks is affected by the opposite projected changes in the upper and lower tropospheric meridional temperature gradients [•18]. In the Northeast Atlantic, the impact of the increase in the upper tropospheric temperature gradient tends to win over of the reduction of the lower tropospheric temperature gradient, leading to a net strengthening of the storm track in the multi-model mean [125] . By modulating these temperature gradients, different storylines for the North Atlantic storm track can be considered in relation to the relative magnitude of the tropical upper tropospheric warming, Arctic warming and polar stratospheric cooling-a measure of stratospheric vortex strength [126, 127] . In particular, the response in the strength of the stratospheric vortex can drive an NAO-like uncertainty in the North Atlantic atmospheric circulation [•64], with possible implications for European windiness [•63]. This is summarised in Fig. 2a ]) are obtained using the stratospheric vortex index from [126] and the tropospheric NAO index from [149] (not shown). Six models are used in each composite to better sample the noise due to internal variability (see the Appendix for details) with a long-term strengthening and weakening of the vortex. Here, windiness is evaluated as the 98 percentile of daily wind speed at 850 hPa. An increase in European windiness characterises most models featuring a strengthening of the stratospheric vortex (up to about 1.5%/K in Fig. 2b) , while it is not found for a weakening of the vortex [•63]. Additional storylines have been proposed in relation to the relative magnitude of the tropical versus Arctic warming, as "tropically amplified" models tend to be associated with a more squeezed and eastward extended jet into Europe [127] . It seems possible that this response could also favour enhanced European windiness, but it remains to be quantified. Taken together, the relative amplitude of the tropical versus Arctic warming, and the change in the stratospheric vortex strength, show promise to characterise the uncertainty in key aspects of the North Atlantic jet response to climate change, such as its zonal extension and waviness [127] . The attribution of the storm track response to the large-scale drivers discussed above is complicated by the presence of additional changes in surface baroclinicity within the North Atlantic region. In fact, the uncertainty in the North Atlantic storm track response has also been linked to the magnitude of the weakening of the AMOC, which enhances surface baroclinicity at about 50N by suppressing the warming of northern North Atlantic SSTs [128] . Supporting this pathway, the strength of the North Atlantic storm track increases in experiments inducing a "collapse" of the AMOC [128, 129] and it covaries with the AMV on multi-decadal timescales [61, 130] . However, climate experiments directly modelling the influence of the projected North Atlantic SST warming patterns provide a less consistent picture: while some studies back up a direct influence on circulation from North Atlantic SSTs [131, 132] , others only identify a small response [133, 134] . The latter results would suggest that the weakening of the AMOC is largely communicated via a modulation of remote climate responses, such as the ratio between the Arctic and tropical warming [134] . Indeed, tropically amplified models tend to have a stronger North Atlantic SST warming hole [127] , thus implying it is difficult to separate these drivers on a statistical basis. Reference [131] discusses possible reasons behind the different experimental results on the response of atmospheric circulation to the North Atlantic SST warming pattern.
Finally, European windiness also depends on additional uncertainties acting on the cyclone scale. For a given atmospheric flow, the thermodynamic increase in the cyclone-associated precipitation is expected to enhance cyclone growth and propagation speed [135] , although this pathway is partly balanced by the increase in atmospheric stratification [136] . The impact of enhanced latent heat release on cyclone growth is unlikely to be fully resolved at the spatial resolution of current climate models [137] , thus highlighting the value in studies employing high-resolution models to explore the evolution of historical cyclones in a warmer and moister atmosphere [138] . Furthermore, future projections of changes in cyclone-associated wind speeds are systematically more negative at the surface than at 850 hPa, both in the NH and in the SH [124, 139] . It has been hypothesised that this might be linked to the vertical profile of the equator-to-pole baroclinicity change [124] , but the role of changes in boundary layer processes should perhaps also be quantified [138] .
The separation of uncertainties arising from the North Atlantic jet, North Atlantic SSTs and cyclone-associated diabatic process might be questionable, since the jet response is itself influenced by the heat and momentum transport associated with the storm track itself [•18]. Nonetheless, the importance of remote SST warming for the North Atlantic upper tropospheric circulation change [133] suggests there is value in pursuing such an approach. For the purpose of risk assessment, it is the plausibility of high-impact scenarios that is most of interest [140] . Based on the above processes, a worst-case scenario for European windiness change might be expected for a tropically amplified response with a strengthening of the stratospheric vortex, and an enhanced meridional SST gradient in the North Atlantic. Is such a storyline physically self-consistent? and what regional impacts would it exert if realised? Answering these questions could help to place upper bounds on the future change in European wind storm risk.
Conclusions
Several aspects of regional climate depend on the response of mid-latitude atmospheric circulation to climate change. The hydro-climate response of Mediterraneanlike regions and European windiness downstream of the North Atlantic storm track are high-impact examples that have received recent attention and have been reviewed in this report. While the internal variability in the atmospheric circulation is a leading uncertainty in extratropical regional climate change [141] , these examples have served to highlight cases where the uncertainty in the forced circulation response is sufficiently large that the magnitude, and sometimes even the direction, of these regional climate trends cannot yet be anticipated, even for a specified level of global warming ( Figs. 1  and 2) .
To characterise and communicate this uncertainty, it can be useful to identify different physically self-consistent storylines of how atmospheric circulation and regional climate could respond to warming. Crucially, each storyline needs to be enriched by knowledge of the climate aspects that force the respective circulation changes via atmospheric teleconnections [•63]. The relative amplitude of tropical and Arctic warming [50, 104, 134] , the response of the AMOC [67, 128, 142] , the patterns of Pacific SST change [•76, 83, 85] and changes in stratospheric vortex strength [•64, 103] have here been discussed as possible drivers of the regional climate responses reviewed in this report. Given the uncertainty in these climate responses, the alternative storylines discussed here cannot be discarded and in the present state of knowledge should be considered equally plausible future manifestations of regional climate change.
Having confidence in physical storylines requires nonetheless substantial care. In particular, the response of the atmospheric circulation to the remote climate responses, the absence of confounding influences from the models' biases and the robustness of the storylines across different model generations need to be thoroughly tested. Furthermore, while storylines help to characterise different high-impact future scenarios, they do not immediately enable to reduce the uncertainty in the projections themselves. The analysis of physical relationships between the climate change response and the model biases in the simulation of present-day [143] and past [144, 145] climates is needed for making progress, and potentially deem some storylines implausible.
While recent works have focused on the response of the mean state to climate change, future research should aim to characterise the dependence of the full range of regional climate variability on remote drivers of atmospheric circulation [146, 147] . For example, a recent study based on a single model found that winters with extremely high and low California precipitation could both become more frequent in response to warming due to changes in the amplitude of the year-to-year variability in atmospheric circulation [•148] . Making progress in this direction will necessarily require comparing large initial condition ensembles from different climate models. Producing such datasets will be invaluable for advancing research on regional climate change.
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Appendix: . CMIP5 Models
Based on their atmospheric circulation response in the RCP8.5 scenario, the following CMIP5 climate models have been identified to produce the panels in Figs These models have been selected out of a set of 32 CMIP5 models in Fig. 1 and 25 models in Fig. 2 , which requires daily data. As discussed in reference [•63], FGOALS-g2 is not considered due to its much larger bias in the North Atlantic jet latitude, although including it would have no impacts on the conclusions. Ensemble member r1i1p1 is analysed for all models, apart for EC-EARTH (r2i1p1), CCSM4 (r6i1p1) and CESM-WACCM (r31p1), due to data availability. In Fig. 2 , the 98 percentile of daily wind speed is evaluated on the original models' grids. All data is spatially interpolated on a regular 2-degree grid for the purpose of averaging the model responses.
Open Access This article is distributed under the terms of the Creative Comm ons Attribution 4.0 International License (http:// creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
